










































Simulating the behavior of restrained steel beams to flame
impingement from localized-fires
Citation for published version:
Zhang, C, Li, G-Q & Usmani, A 2013, 'Simulating the behavior of restrained steel beams to flame
impingement from localized-fires' Journal of Constructional Steel Research, vol. 83, pp. 156-165. DOI:
10.1016/j.jcsr.2013.02.001
Digital Object Identifier (DOI):
10.1016/j.jcsr.2013.02.001
Link:
Link to publication record in Edinburgh Research Explorer
Document Version:
Publisher's PDF, also known as Version of record
Published In:
Journal of Constructional Steel Research
General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.
Download date: 05. Apr. 2019
Journal of Constructional Steel Research 83 (2013) 156–165
Contents lists available at SciVerse ScienceDirect
Journal of Constructional Steel ResearchSimulating the behavior of restrained steel beams to ﬂame
impingement from localized-ﬁresChao Zhang a,b,⁎,1, Guo-Qiang Li c, Asif Usmani d
a College of Civil Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, China
b National Institute of Standards and Technology, National Fire Research Laboratory, Fire Research Division, Gaithersburg, MD 20899-1070, USA
c State Key Laboratory for Disaster Reduction in Civil Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, China
d School of Engineering, Edinburgh University, Edinburgh EH9 3JN, UK⁎ Corresponding author at: National Institute of Stand
Fire Research Laboratory, Fire Research Division, Gaithe
Tel.: +1 301 9756695; fax: +1 301 9754052.
E-mail addresses: chao.zhang@nist.gov, 08_chao_zh
gqli@tongji.edu.cn (G.-Q. Li).
1 Currently Guest Scientist at NIST.
0143-974X/$ – see front matter © 2013 Elsevier Ltd. Al
http://dx.doi.org/10.1016/j.jcsr.2013.02.001a b s t r a c ta r t i c l e i n f oArticle history:
Received 28 June 2012
Accepted 2 February 2013
Available online 1 March 2013
Keywords:
Restrained steel beam
Flame impingement from localized ﬁre
Thermal and mechanical behaviors
Numerical investigationSteel structures may be exposed to localized heating by a ﬁre source nearby. Flame impingement from local-
ized ﬁre may lead to high temperatures in the exposed steel members, which may lead to structural failure.
This paper numerically investigates the thermal and mechanical behaviors of restrained steel beams exposed
to ﬂame impingement from localized ﬁres. Four steel beams with different dimensions and restraints were
considered. Both developing and steady burning ﬁres were investigated. The standard ISO834 ﬁre was also
used for comparison. The study ﬁnds that the temperature distributions within the steel beams subjected
to ﬂame impingement are highly non-uniform both across and along the beams. Along the beam length,
the temperatures near the ﬁre source may be hundreds of degrees higher than those far from the ﬁre source.
Due to different temperature distributions, the deformation mode for restrained steel beam subjected to
ﬂame impingement may be signiﬁcantly different from that of a beam subjected to the standard ISO834
ﬁre. The failure temperatures for restrained steel beams subjected to localized ﬁres may be higher or lower
than those for restrained beams subjected to the standard ISO834 ﬁre. Reliance on the standard ﬁre may
lead to an unconservative design if the potential real ﬁres are localized ﬁres.
© 2013 Elsevier Ltd. All rights reserved.1. Introduction
In the past two decades, many researchers have investigated the
behavior of steel beams exposed to ﬁre [1–10]. Liu et al. [1] experimen-
tally investigated the role of the connections and axial restraint in affect-
ing the ﬁre resistance of a steel beam. In their experiments, the furnace
was programmed to follow the ISO834 standard temperature–time
curves. Li and Guo [2] tested the behavior of restrained steel beams
subjected to a natural ﬁre. In the test, an arbitrary temperature–time
curve which included both heating and cooling phases was used to rep-
resent the natural ﬁre. Vila-Real et al. [3] conducted a validation test on
the lateral–torsional buckling resistance of unrestrained steel I beams
subjected to ﬁre. In the test, the thermal action on a simply supported
beam was changed from room temperature up to 600 °C. In [1–3], all
the specimens in the furnace were heated uniformly such that the longi-
tudinal temperature gradientswere negligible. In [1,2], the upper ﬂangesards and Technology, National
rsburg, MD 20899-1070, USA.
ang@tongji.edu.cn (C. Zhang),
l rights reserved.of the tested beams were protected with ﬁreprooﬁng materials to con-
sider the heat-sink effect resulting from concrete slabs on the steel
beams in real building construction. As a result, the transverse tempera-
ture gradients in the specimens were very large (in both tests [1,2], the
maximum temperature differences between the upper and lower
ﬂanges were on the order of several hundreds of degrees). In [3], the
beam was unprotected so that the transverse temperature gradient
was negligible. Recently, the effect of transverse thermal gradient on
the behavior of steel beam-columns exposed to ﬁre was experimentally
investigated by Dwaikat et al. [4]. In their experiment, both ASTM E119
standard ﬁre and a design ﬁre were considered. The design ﬁre included
a growthphase simulating theASTME119 standardﬁre for about 90 min
and then underwent a rapid cooling phase. The specimens with uniform
insulation were exposed to ﬁre from four sides, and the insulation on
some specimens was removed in speciﬁc locations to cause thermal
gradient.
Yin and Wang [5,6], Li et al. [7], Tan and Huang [8], Bailey et al. [9],
Usmani et al. [10], EI-Rimawi et al. [11] and Kodur and Dwaikat [12],
on the other hand, have numerically investigated the behavior of steel
beams in ﬁre conditions. Among those studies, [5–8] considered the
effects of non-uniform temperature distributions in their investigations.
However, the proﬁles of those non-uniform temperature distributions
(transversely or longitudinally) were arbitrarily assumed and consid-
ered to be linear.
Fig. 1. Illustration of the HRR history of an NFSC and steady ﬁre.
Fig. 2. Comparison among the results of temperatures of a ceramic wall predicted by
different methods.
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designed to represent fully-developed compartment ﬁres or
post-ﬂashover ﬁres. In a fully-developed compartment ﬁre, the gas
properties within the compartment are approximately uniform
because of ﬂashover. Correspondingly, the steel members exposed
to compartment ﬁres are uniformly heated on all exposed sides
such that the temperature gradients along the length of the mem-
bers are always negligible and the temperature distributions within
the steel sections are approximately uniform (as in steel columns)
or varying linearly with depth (as in ceiling steel beams). However,
in some spaces such as open car park buildings and large enclosures
where fuels are located in speciﬁc areas so that horizontal ﬁre
spread is not possible, the ﬂashover phenomena (that all exposed
fuel surfaces within the compartment burn simultaneously [13])
are unlikely to happen. Localized ﬁres are more appropriate when
evaluating the ﬁre safety of structures in such spaces.
The gas properties in a localized ﬁre are highly non-uniform and the
temperature distributions in the exposed steel members are longitudi-
nally and transversely nonlinear [14,15]. Until now, few reports on the
behavior of steel beams exposed to localized ﬁres have been issued.
Hasemi et al. [16] experimentally studied the heating mechanism of
ceiling/beams exposed to localized ﬁres. Based on the test data, a corre-
lation was proposed by Hasemi to calculate the heat ﬂux to the ceiling
from ﬂame impingement from localized ﬁres. The correlation has
been adopted by the Eurocode EC1 [17]. In the SFPE handbook [18],
the correlations proposed by Wakamatsu are adopted to calculate the
heat ﬂuxes to different parts of steel I beams from localized ﬁres.
Recently, Jeffers and Sotelino [19] simulated the thermo-mechanical
behavior of a simply supported steel beam exposed to a localized ﬁre
by a computationally efﬁcient ﬁber element approach.
The purpose of this study is to investigate the thermal and structural
behaviors of restrained steel beams exposed to localized ﬁres. Correla-
tions recommended by the SFPE handbook were used to calculate the
heat ﬂuxes to exposed steel I beams. The ﬁnite element program
ANSYS2 was used as the numerical tool.
2. Modeling localized ﬁre
2.1. Heat release rate
Heat release rate (HRR) is the most import variable in measuring
ﬁre severity, which can be calculated by
HRR ¼ _mf ⋅ΔHc ð1Þ2 Certain commercial entities, equipment, or materials may be identiﬁed in this doc-
ument in order to describe an experimental procedure or concept adequately. Such
identiﬁcation is not intended to imply recommendation or endorsement by the Na-
tional Institute of Standards and Technology, nor is it intended to imply that the enti-
ties, materials, or equipment are necessarily the best available for the purpose.where, _mf is themass burning rate of the fuel; andΔHc is the net heat of
combustion of the fuel. In ventilation controlled ﬁres (fully-developed
compartment ﬁres), the HRRs are alternatively calculated by
HRR ¼ _ma⋅ΔHair ð2Þ
where, _mair is the mass rate of air inﬂow; and ΔHair is the heat released
per unit mass air consumed. For most common fuels, ΔHc,air=3.03±
0.02 MJ/kg [13].
The HRR of a real ﬁre can be measured by cone calorimetry (see
Babrauskas [20]). In design work, the natural ﬁre safety concept
(NFSC) is widely used to represent the ﬁre conditions [17,21]. As
shown in Fig. 1, the NFSC ﬁre is assumed to be t-square in the growth
stage and decay stage begins at the time when 70% of design ﬁre load
is consumed. The steady ﬁre with a single constant HRR in the whole
ﬁre duration time, which is usually considered in ﬁre resistance de-
sign [22], is also illustrated in Fig. 1.
For an NFSC ﬁre, in the growth stage, the HRR is given by
HRR ¼ αt2 ð3Þ















where, α is the ﬁre intensity coefﬁcient, taken as 0.00293, 0.0117 and
0.0466 for slow, medium and fast growth ﬁre, respectively.Fig. 3. FE model of a restrained steel I beam in validation study for Li and Guo test [2].
Fig. 4. Numerical vs test results for Li and Guo test [2].










where, qf and Af are design ﬁre load density and ﬂoor area, respectively;
and HRRmax is the maximum heat release rate.
The total duration time of an NFSC ﬁre is given by
tf ¼ tg þ ts þ td: ð8Þ
2.2. Flame length
Heskestad's correlation is used by EC1 [17] to calculate the
unconﬁned ﬂame length of a localized ﬁre, which is given by
Lf ¼−1:02Dþ 0:235 _Q 2=5 ð9Þ
where, D is the diameter of the ﬁre; and _Q is the HRR of the ﬁre.
The unconﬁned ﬂame length can also be calculated by [16]
Lf
D
¼ 3:5Q Dn ð10ÞFig. 5. Predicted and measured deﬂection of the steel beam in [2].where n=2/5 for QD⁎≥1.0 and n=2/3 for QD⁎b1.0. QD⁎ is a









where, ρ∞, cp and T∞ are density, speciﬁc heat and temperature of gas
at ambient temperature; and g is the gravitational acceleration.
For localized ﬁres beneath an unconﬁned ceiling, the horizontal
ﬂame length, deﬁned as the distance between the ﬂame tip and the






The horizontal ﬂame lengths along the lower and upper ﬂanges of










where Q HC and Q

HB
are deﬁned as in Eq. (11) with D is replaced by HC
and HB, respectively. HC and HB are the distances between the ﬁre and
the ceiling, and the ﬁre and the lower ﬂange of the beam, respectively.Fig. 6. Predicted and measured restraint axial force of the steel beam in [2].
Fig. 7. Predicted and measured deﬂection of the steel beam in [1].
Table 1
Investigated cases.
Case Beam L Restraints LR Fire type Failure mode Tfail
1a B1 2000 mm R&A 0.5 NFSC Buckling 720 °C
1b B1 2000 mm R&A 0.5 Steady Buckling 777 °C
1c B1 2000 mm R&A 0.5 ISO834 Buckling 676 °C
2a B2 2000 mm A 0.5 NFSC Buckling 687 °C
2b B2 2000 mm A 0.5 Steady Deﬂection 744 °C
2c B2 2000 mm A 0.5 ISO834 Deﬂection 649 °C
3a B3 4500 mm R&A 0.7 NFSC Buckling 798 °C
3b B3 4500 mm R&A 0.7 Steady Buckling 798 °C
3c B3 4500 mm R&A 0.7 ISO834 Deﬂection 703 °C
4a B4 4500 mm A 0.7 NFSC Buckling 454 °C
4b B4 4500 mm A 0.7 Steady Buckling 474 °C
4c B4 4500 mm A 0.7 ISO834 Deﬂection 514 °C
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Hasemi et al. [16,23,24] conducted a series of ﬁre tests to investigate
the heating mechanisms of building components exposed to localized
ﬁres. A ﬂat ceiling with and without a steel I beam beneath it was locat-
ed at different distances above burners using propane gas fuel. Steady
ﬁres were considered in the tests. The HRRs from the ﬁre source ranged
from 90 kW to 900 kW in the ceiling/beam tests, and 80 kW to 750 kW
in the ceiling tests. Heat ﬂux gauges were used to measure the incident
heat ﬂux along the ceiling/beam at different distances away from the
ﬁre centerline. A detailed description of the tests is given in [23,24].
In EC1 [17], the heat ﬂux received by the ceiling exposed to ﬂame
impingement from localized ﬁres is given by
_qin ¼ 100 yc≤0:30ð Þ ð15aÞ
_qin ¼ 136:3−121yC 0:30byC≤1:00ð Þ ð15bÞ
_qin ¼ 15y−3:7C yC≥1:00ð Þ ð15cÞ
where _qin is the incident heat ﬂux in kW; and yC is a non-dimensional
parameter, deﬁned by
yC ¼
r þ HC þ z0
LC þ HC þ z0
ð16Þ









¼ 2:4 Q D2=5−QD2=3
 
Q Db1:0ð Þ: ð17bÞFig. 8. Predicted and measured restraint axial force of the steel beam in [1].In the SFPE handbook [18], an alternative correlation proposed by
Wakamatsu is presented for calculating the heat ﬂux received by the
ceiling, _qin, and is given by
_qin ¼ 518:8e−3:7yC ð18Þ
The heat ﬂuxes incident onto different parts of an I-beammounted
beneath a ceiling can be calculated by the following correlations [18]:
the heat ﬂux to the downward face of the lower ﬂange is
_qin ¼ 518:8e−3:7yB ð19Þ
the heat ﬂux to the upward face of the lower ﬂange and the web is
_qin ¼ 148:1e−2:75yC ð20Þ
and the heat ﬂux to the downward face of the upper ﬂange is
_qin ¼ 100:5e−2:85yC ð21Þ
where yB is deﬁned the same as in Eq. (16) with the subscript C is
replaced by B.
Myllymaki and Kokkala [18,25] measured heat ﬂuxes onto I-beams
exposed to ﬁres as large as 3.9 MW. They found that for ﬁres over
2.0 MW, the correlations suggested by Wakamatsu for the upward face
of the lower ﬂange, web, and downward face of the upper ﬂange under-
estimate the heat ﬂux to these areas on the I-beam. For these large ﬁres,
the I-beam becomes completely engulfed in the ﬁre. As a result, heat
ﬂuxes on all parts of the I-beam follow the correlation suggested for
the downward face of the lower ﬂange provided in Eq. (19).
3. Numerical study
3.1. Numerical tool
The ﬁnite element program ANSYS was used as the numerical tool.
ANSYS can predict the transient, nonlinear thermal/structural behav-
iors of various structures under ﬁre conditions if the material proper-
ties are provided, as validated by previous studies [21,26,27].
3.2. Basic elements
3.2.1. SHELL131-3D layered thermal shell
In the following studies, SHELL131 is used to model the thermal
behavior of steel beams in ﬁre conditions. SHELL131 is a 3D layered
shell element having in-plane and through-thickness thermal conduc-
tion capability. It has 4 nodeswith up to 32 temperature degrees of free-
dom at each node. The element is applicable to a 3D, steady-state or
transient thermal analysis. SHELL131 generates temperatures that can
be passed to structural shell elements (such as SHELL181) for structural
analysis.
a) Case 1, t=90 s b) Case 1, t=300 s
c) Case 1, t=1800 s d) Case 1, t=2400 s
e) Case 1, t=3000 s
Fig. 9. Temperature results for steel beam subjected to NFSC ﬁre.
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problem was veriﬁed using an example in Holman's heat transfer book
[28]. The problem involves the heating of a 30 mm ceramic wall exposed
to a radiation source on one side at 1000 °C, and to room air at 20 °Cwith
a radiation surrounding temperature of 20 °C on theother side. Properties
of the ceramic are k=3.0 W/mK, ρ=1600 kg/m3, and c=800 J/kg K.
The emissivity is taken as 0.8. The convection heat transfer coefﬁcient
from the heated side of the plate is calculated by h=1.92ΔT1/4. In [28],
the problemwas solved by ﬁnite difference method (FDM). In a previouswork [27], the problem was solved using ANSYS with 2D thermal solid
element PLANE55 and thermal surface element SURF151. Fig. 2 shows
excellent agreement among the results of wall temperatures predicted
by the various methods.
3.2.2. SHELL181-ﬁnite strain shell
SHELL181 was adopted to model the structural behavior of steel
beams in ﬁre. SHELL181 is suitable for analyzing thin to moderately-
thick shell structures. It is a 4-node element with six degrees of
a) Case1, t=300s
b) Case1, t=3000s
Fig. 10. Temperature results for steel beam subjected to STEADY ﬁre.
a) Case1, t=300s
b) Case1, t=3000s
Fig. 11. Temperature results for steel beam subjected to ISO834 ﬁre.
161C. Zhang et al. / Journal of Constructional Steel Research 83 (2013) 156–165freedom at each node: translations in the x, y, and z directions, and
rotations about the x, y, and z axes. SHELL181 is well-suited for linear,
large rotation, and/or large strain nonlinear applications. Change in
shell thickness is accounted for in nonlinear analysis.
Ding et al. [29] used SHELL181 to model tests of the ﬁre resistance
of ﬁre-resistant steel members. In this paper, the use of SHELL181 to
predict the structural behaviors of steel beams in ﬁre was validated
using test data from Li and Guo [2] and Liu et al. [1].
Test on specimen 1 in [2] was considered. The tested beam had a
cross section H250×250×8×12 and a clear span length of 4500 mm.
Two concentrated loads were applied symmetrically to the restrained
beam by two jacks. The distance between these two point loads was
1500 mm. The load ratio (LR) of the restrained beam at room tempera-
ture was 0.7. LR was deﬁned as the ratio of the applying moment to
the moment capacity of the beam section calculated by design codes.
Fig. 3 shows the FE structural model of the restrained steel I beam. The
steel beam was modeled using SHELL181, and the restraints at the
beam ends were modeled using spring-damper element COMBIN14. As
shown in Fig. 3(b), an axial spring and a rotational spring located at
mid-height of the beam end section are used to provide axial and rota-
tional restraints, respectively. The axial stiffness provided is ka=
39.54 kN/mm and the rotational stiffness is kr=1.09×108 Nm/rad.
The high temperature material model for structural steel reported in
[30] was used in the numerical model. Figs. 4, 5 and 6 show good agree-
ment between the numerical results and test data. The discrepancy
between the numerical and measured results could be due to the fact
that the stress–strain model in [30] cannot model high temperature
creep successfully [12].Test numbered “FUR15” in [1] was considered. The tested beam had
a cross section 178×102×19UB and a clear span length of 2000 mm.
Two symmetrical concentrated loads were applied. The distance
between these two point loads was 800 mm. The LR of the restrained
beam at room temperature was 0.5. End-plate beam-to-column con-
nections were used. The axial stiffness provided is ka=8 kN/mm and
the rotational stiffness is kr=1.4×105 Nm/rad. Figs. 7 and 8 show
good agreement between the numerical results and test data.3.3. FE model and investigated cases
In our investigation, restrained ceiling beams under uniform load
subject to ﬂame impingement from localized ﬁres were considered.
Table 1 gives the characteristics of the investigated cases. In the table,
‘R’ and ‘A’ correspond to rotational and axial restraints, respectively.
Four beams with different dimensions and restraints were considered.
Beam B1 was the above tested beam in [1], and beam B3 was the
above tested beam in [2] without ribs. Beam B2 was similar to beam B1
with axial restraint only and B4 was similar to beam B3 with axial
restraint only. The LRs for B1 and B2 were 0.5, and for B3 and B4 were
0.7. The ceiling height was 2 m. The ﬁre source was located at the ﬂoor
and just below the center of the beams. Medium NFSC and steady ﬁres
were considered. The maximum heat release rates for those two ﬁres
were equal and taken as 1.6 MW. The ISO834 standard ﬁre was also con-
sidered for comparison. The ﬁre duration was taken as 1 h. In all cases,
the beams were unprotected and three-sides exposed. The upward sur-
faces of the beam upper ﬂanges were assumed to be adiabatic.
a) Deflection
b) Force




Fig. 13. Results for mid-span deﬂection and reaction force for restrained steel beam B2
in different ﬁres.
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4.1. Steel temperature distribution
Fig. 9 shows the results for the temperature of a steel beam
subjected to the NFSC ﬁre. The temperature distributions within
steel beam are highly non-uniform both transversely and longitu-
dinally, and the location of the maximum temperature changes
with time. At the very beginning of the developing phase, the max-
imum temperature is located at the lower ﬂange, as shown in
Fig. 9a; then, the maximum temperature moves to the web and
stays within the web during the later developing and steady burn-
ing phases, as shown in Fig. 9b and c; during the decay phase, the
maximum temperature ﬁrst moves from the web to the lower ﬂange,
then from the lower ﬂange to the upper ﬂange, as shown in Fig. 9d
and e.
Fig. 10 shows the results at t=300 s and t=3000 s for the temper-
ature of a steel beam subjected to the steady ﬁre. The temperature
distributions within the steel beam are also highly non-uniform both
transversely and longitudinally. During the entire heating phase, the
maximum temperature remains within the web.
Fig. 11 shows the results for the temperature of a steel beam
subjected to the ISO834 ﬁre. The temperature distribution within the
steel beam section is nonlinear. During the entire heating phase, the
maximum temperature remains within the web. In simulations using
the ISO834 ﬁre, uniform heating conditions along the beam length
were assumed; therefore, the steel temperatures are longitudinally uni-
form, as shown in Fig. 11.4.2. Structural response
Fig. 12a and b shows the results of deﬂection and reaction force,
respectively, for the restrained steel beam B1 subjected to different
ﬁres. In standard ﬁre test [31], a load-bearing element is deﬁnitely failed
when either its deﬂection reaches L/20 (for horizontal members) or
when it collapses (for vertical members). Here, L is the clear span of
the specimen. In our investigation, the failure temperature of restrained
beams is deﬁned as the maximum steel temperature when the
restrained beams either reach the above deﬂection limit or buckle. In
Fig. 12a, values for the failure temperature are also presented. Fig. 12b
shows that the restrained beam B1 buckles in all investigated ﬁres.
Fig. 13a and b shows the results of deﬂection and reaction force,
respectively, for the restrained steel beam B2 subjected to different
ﬁres. Beam B2 buckles in the NFSC ﬁre. In the steady and ISO834 ﬁres,
beam B2 fails when its mid-span deﬂection reaches 2000/20=100 mm.
Fig. 14a and b shows the results of deﬂection and reaction force,
respectively, for the restrained steel beam B3 subjected to different
ﬁres. Beam B3 buckles in both the NFSC and steady ﬁres. In the
ISO834 ﬁre, beam B2 fails when its mid-span deﬂection reaches 4500/
20=225 mm.
Fig. 15a and b shows the results of deﬂection and reaction force, re-
spectively, for the restrained steel beam B4 subjected to different ﬁres.
Beam B4 buckles in both the NFSC and steady ﬁres. In the ISO834 ﬁre,
beam B2 fails when its mid-span deﬂection reaches 4500/20=225 mm.
The failure modes and failure temperatures (marked as Tfail) are
summarized in Table 1. Beams in the NFSC ﬁre buckle in all cases; and
beams in the steady and ISO834 ﬁres buckle in some cases. For beams
B1, B2 and B3, the failure temperatures in the ISO834 ﬁre are lower
than those in either the NFSC or steady ﬁre; but for beam B4, the failure
a) Deflection
b) Force




Fig. 14. Results for mid-span deﬂection and reaction force for restrained steel beam B3
in different ﬁres.
163C. Zhang et al. / Journal of Constructional Steel Research 83 (2013) 156–165temperature in ISO834 ﬁre is higher than that in both the NFSC and
steady ﬁres (Tfail in ISO834 ﬁre is 514 °C and 13% higher than that in
the NFSC ﬁre). Generally, the failure temperatures in the NFSC are
lower than those in the steady ﬁre.
4.3. Discussions
For steel beams subjected to ﬂame impingement from localized
ﬁres, the steel temperatures just above the ﬁre sourcemay be hundreds
of degrees higher than those far from the ﬁre source, as shown in Figs. 9
and 10. Due to the nonlinear longitudinal temperature gradient, the re-
strained beam in localized ﬁres is more likely to undergo lateral dis-
placements. Fig. 16 shows the results of deformations at the deﬁnite
failure condition for beam B4 in the NFSC localized ﬁre. The beam un-
dergoes large deﬂectionwith global lateral displacement and signiﬁcant
local deformation in themiddle section. By comparison, the same beam
undergoes only large deﬂection when subjected to the standard ISO834
ﬁre, as shown in Fig. 17.
The heating history affects the temperature distribution within
the exposed member. Therefore, although the maximum heat release
rate for the NFSC and steady localized ﬁres are equal, the same beam
exposed to those two ﬁres might behave differently due to the differ-
ent temperature distributions as illustrated in cases 2a and 2b.
The temperature distribution within the restrained steel beam af-
fects the beam behavior and its failure temperature.
5. Conclusions
The thermal and mechanical behaviors of restrained steel beams
subjected to ﬂame impingement from localized ﬁres have beeninvestigated numerically using ANSYS. Based on the results of this in-
vestigation, the following conclusions can be drawn:
• The temperature distributions within a steel beam subjected to ﬂame
impingement from localized ﬁre are highly non-uniform both along
the beam axis and through its depth. Along the beam length, the tem-
peratures near the ﬁre source may be hundreds of degrees higher
than those far from the ﬁre source.
• The failure temperature for a restrained steel beam subjected to ﬂame
impingement from localized ﬁremay be higher or lower than the same
beam subjected to the standard ISO834 ﬁre. In the cases investigated,
the failure temperature in a localized ﬁre can be 60 °C or 13% lower
(in the case the failure temperature in the standard ISO834 ﬁre is
514 °C).
• The deformation mode for a restrained steel beam subjected to ﬂame
impingement from localized ﬁre may be different from that subjected
to the standard ISO834 ﬁre.
• The structural ﬁre design based on the standard ﬁre may be
unconservative if the potential real ﬁres are localized ﬁres.
• Finally, although not speciﬁcally investigated here, it has been noted
in previous studies (e.g. [10]) that transverse variation of tempera-
tures (causing through-depth temperature gradients) will produce
thermal bowing resulting in increase deﬂection and reduced axial
forces in the beam (under weak rotational restraint). Longitudinal var-
iations of temperatures (in the absence of signiﬁcant transverse gradi-
ents) produce the opposite effect, reduced deﬂections and increased
axial forces (under strong translational restraint). This general obser-
vation is consistent with the ﬁndings here.
Fig. 16. Results for deformation for beam B4 in NFSC ﬁre.
Fig. 17. Results for deformation for beam B4 in ISO834 ﬁre.
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